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INTRODUCTION 
This paper describes the development of time-resolved microwave thennoreflectometry 
(TRMT) as a potential NOE technique for the detection of corrosion of reinforcing bar (rebar) 
in concrete structures. The approach in this technique is as follows: 
• rebar inside a concrete structure is heated in a noncontacting fashion using an induction 
heating source, 
• the temperature of the surface of the rebar is monitored directly through the concrete 
using a microwave reflectometer, 
• degradation of the structural integrity of the bond between the concrete and the rebar 
affects heat flow from the heated rebar to the surrounding concrete. 
It is anticipated that field-implementable instrumentation based on this technique could be 
readily developed and used in a wide range of infrastructure inspection environments, e.g. 
highway bridges. An estimated 35% of the nation's 575,000 bridges are "structurally 
deficient or functionally obsolete" [1]. Corrosion of rebar in concrete bridge structures is one 
of the contributing factors to bridge degradation and a range of nondestructive inspection 
techniques are being actively investigated by researchers. Much of the current research effort 
is focusing only on bridge decks since inspection approaches can be readily implemented by 
driving a vehicle carrying the particular sensors employed over the surface of the bridge deck 
to look for delarninations occurring within the bridge deck material. In the case of ground 
penetrating radar [2], reflections are obtained wherever there is a mismatch in the dielectric 
properties of the bridge structure such as at the asphalt -concrete interface or at a delamination. 
These methods have been demonstrated to be very fast but there is much work to be done in 
signal processing and interpretation of the subtle changes in the features in the reflected 
wavefonns. Infrared thennographic methods have been considered but rely on diurnal 
temperature variations and solar heating to generate anomalous temperature distributions over 
the defect regions [3]. Another complicating factor for conventional thennographic 
inspection methods relying on surface temperature measurements is that some states have 
only a 2" thickness of concrete on their bridge decks while others have a covering layer of 
asphalt over a waterproofing membrane. 
In the TRMT method, both the heating and detection sides of the proposed technique are 
rapid since there is no requirement to wait for thennal diffusion from the rebar to the surface 
of the concrete strUcture. Also, since the temperature of the rebar is being probed directly 
with microwaves, image artifacts obtained in infrared thennography due to emissivity 
variations in the pavement are avoided. Further, since this method does not rely on direct 
solar heating of flat surfaces, it shOUld also be applicable to supporting members such as 
piers and other points which do not receive sun exposure. In fact, the TRMT method would 
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be most suitable for in-depth inspection of discrete locations on a structure believed to be 
particularly at risk and could see application in other types of infrastructure besides bridges, 
such as nuclear power plants and dams. This technique is in the laboratory development 
phase at present but transfer of the technology from the laboratory to the field should be 
possible. Note that both the excitation (induction heater) and detection (microwave 
reflectometer) processes are noncontacting and could be readily scanned across a bridge 
structure. 
FINITE ELEMENT MODELLING 
A series of finite element calculations were performed in order to determine the size of 
the temperature variation along the rebar surface which would be expected at locations where 
the rebar is not in good physical contact with the surrounding concrete. A simple finite 
element model of the rebar/concrete interface was developed and analyzed using the 
COSMOS/M software package. The model is axisymmetric and can be divided into the 
following primary parts: 
• at the center axis of the model is a low carbon steel cylinder with a radius of 0.188 inches 
(4.76 mm) representing the rebar 
• around that is a 0.010 inch (0.25 mm) thick layer of material that is used to simulate the 
corrosion by-products. The material properties of all or part of this section of the model 
can be altered to model either fully, partially, or non-corroded rebar. For the initial 
analysis, the corrosion by-products were assumed to have the same thermal conductivity 
as air. 
• the final radial band of the model consists of concrete out to a radius of 1.5 in. (38.1 
mm). 
The model extends ten inches in the axial direction. This length was chosen to allow 
simulated corrosion disbonds up to six inches long to be analyzed. Although the model is 
only ten inches in length, temperature results at the center show that the end effects are 
negligible. 
The nominal case of a steel rebar embedded in concrete was modeled to provide a 
baseline comparison, i.e. the non-corroded or "no air gap" case. An initial temperature of 
20DC was assumed for the concrete and surrounding air, and an initial temperature of 40"C 
was assumed for the steel rebar. The initial40DC temperature is an estimate of the 
temperature to which the rebar will be heated. Although the corrosion detection process may 
ultimately take place on the heating side of the cycle, at this initial stage the cooling side of the 
cycle is being used for analysis. This "no air gap" configuration represents one extreme, and 
the temperature as a function of time for the surface of the rebar is shown in Fig. 1. 
At the other extreme, the case in which the rebar is completely surrounded by corrosion 
was modeled by assuming the presence of an air gap around the full circumference of the 
rebar and along its entire length. The initial temperature conditions were the same as the "no 
air gap" case and the temperature as a function of time is shown in Figure 1 as the curve 
labeled "air gap". As expected, the cooling rate for the rebar with an air gap between the 
rebar and the concrete is much less than when the rebar is well bonded to the concrete. 
Further studies addressed the effect of an air gap of finite length along the rebar and a 
heated zone of finite length. The heated rebar length was fixed at three inches, and the axial 
length of an air gap, centered on the heated rebar, was varied from one to six inches. The 
maximum temperature difference between the air gap and no air gap curves were calculated as 
a function of the ratio of the air gap. length to the heated length. These results are shown in 
Fig. 2 where it is seen that the temperature difference reaches its maximum value for air gap 
lengths equal to and greater than the heated rebar length. This result indicates it will be 
difficult to detect air gaps which have a length which is less than the length of the rebar being 
heated. Maximum detection sensitivity is obtained for air gaps longer than the heated length. 
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Fig. 1 The microwave heterodyne bridge used for dIe microwave reflectivity measurements. 
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Fig. 2 The microwave heterodyne bridge used for the microwave reflectivity measurements. 
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EXPERIMENTAL RESULTS 
Test Specimens and Experimental Setup 
Test specimens with a symmetric cylindrical geometry were fabricated by mixing 
concrete and pouring it into T' lengths of 3" diameter PVC tube in which 3/8" diameter rebar 
had been inserted. These specimens were intended to provide a simple geometry so that the 
experimental results could be compared with the finite element analysis. A range of sample 
types were produced including specimens with intact rebar and specimens with artificial 
defects produced by surrounding a short length of the rebar with thermally insulating foam 
before pouring the concrete. This defect was intended to simulate the thermal response of 
corrosion product and deteriorating concrete. 
An induction heating source (Plasma-Therma RF Generator HFS 1500E, 1 kW) was 
used to heat the specimens with a coil and matching circuit which were designed and 
fabricated to allow coupling into rebar. This high frequency source generates heating close to 
the surface of the rebar since the skin depth at 13 MHz is about 60 microns. The detection 
process employed in this technique is termed microwave thermoreflectance and refers to the 
fact the microwave reflectance of a metal varies with temperature. This originates from the 
relationship between reflectivity, R, and electrical resistivity, p, shown in Eq. 1. 
R=1-2 =1-4~p1r£of 
n 
(1) 
The microwave reflectivity decreases as the temperature of the metal increases. 
The microwave system used for data acquisition is shown schematically in Fig. 3. The 
setup is designed to measure magnitude and phase of the reflected microwave signal using a 
single hom. This bridge has been constructed in miniature components and measures about 
7" by 9". The frequency generator, lock-in amplifier and a computer for data acquisition and 
analysis are located on a cart beside the test setup. 
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Fig. 3 The microwave heterodyne bridge used for the microwave reflectivity measurements. 
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Measurements of Bare Rebar 
MW thermoreflectance measurements were first performed on a length of bare rebar and 
showed variation of the magnitude and phase of the MW signal as a function of time during 
heating and cooling. This confirmed that the MW thermoreflectance effect is observed in 
rebar material. The data in Fig. 4. shows the variation in the reflected microwave amplitude 
and phase as a function of time during cooling after the induction source was turned off after 
the rebar had been heated by about 12 deg C. 
Measurements of Rebar in Concrete 
Rebar embedded in concrete was successfully heated using induction heating source and 
heating of rebar ends protruding from concrete was imaged using an infrared camera (see 
Fig. 5). Thermal diffusion from the heated region of the rebar inside the concrete along to 
the region of rebar protruding from the concrete allows the heated rebar to be detected with 
the infrared camera. MW thermoreflectance measurements for rebar inside concrete have also 
been made and preliminary results show variation between rebar in concrete and rebar in air 
as shown in Fig. 6. The overall behavior is similar to that predicted by the finite element 
analysis shown in Fig. 1. 
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Fig. 4 MW Thermoreflectance data obtained during cooling of bare rebar after heating to a 
temperature of 12 deg C over ambient. 
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Fig. 5 Infrared image obtained during heating of rebar within concrete cylinder. 
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Fig. 6 Preliminary time-resolved microwave thermoreflectance results comparing response 
at the fabricated foam defect at the rebar-concrete interface with the intact rebar-concrete 
interface. Rebar had been heated for 20 seconds with induction heater and these 
measurements were made during cooling. Note that in this presentation the vertical axis is 
plotted reversed (min at top, max at bottom) to allow better comparison with the cooling 
curves generated by the finite element analysis shown in Fig. 1. 
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CONCLUSIONS 
The main conclusions of this preliminary study are as follows: 
finite element analysis indicates that a measurable temperature difference should occur at 
regions of poor interfacial contact between rebar and concrete 
the microwave thermoreflectance effect was demonstrated in bare rebar and for rebar 
inside concrete 
time-resolved microwave thermoreflectance (TRMT) data shows different responses for 
intact sections of rebar inside concrete compared to sections with artificial defects. These 
responses are similar to that predicted in the finite element analysis. 
There are still a number of technical issues concerning the origins of the microwave 
reflectance signal for different rebar-concrete interfacial conditions and further work is 
required to develop a better understanding of issues such as stability and signal-to-noise ratio 
in these measurements. We are also investigating the influence of other phenomena such as 
physical motion of the rebar due to thermal expansion and whether this introduces a 
contribution to the reflectance variation. 
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